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We investigate the performance of turbo coded multiple-input multiple-output (MIMO) orthogonal frequency division multiplexing (OFDM) systems with layered space time (LST) architectures for underwater acoustic (UWA) channels. We present results obtained by processing data from the AUVfest07 experiment performed in June 2007. We review the necessary components of a MIMO-OFDM communication system, including time/frequency synchronization and channel estimation, and we summarize modifications needed to make the system suitable for UWA channels. We find that the results of the AUVfest 2007 experiment are very promising in terms of achieved data rates and error rate performance of the system. We also present results for differential MIMO-OFDM modulation techniques, that potentially would provide additional robustness in more difficult channels.
Introduction
Underwater acoustic channels are characterized by severe bandwidth limitations, long intersymbol interference (ISI) spans and high Doppler spreads leading to significant challenges for reliable communications. Over the past several decades, many different transmission schemes have been proposed for these systems to improve transmission rates and to reduce error rates. For instance, a useful approach is to employ adaptive decision feedback equalization techniques with embedded digital phase lock loops to track the channel variations and Doppler shifts [1] . This technique and its extensions are very powerful. However, the required complexity for decoding/equalization presents challenges to realizing a practical implementation.
Orthogonal frequency division multiplexing may be a good alternative that both remedies the problem of ISI and provides low complexity solutions that can be implemented in practical systems. OFDM is a multicarrier transmission scheme widely used in wireless radio communications. It has also been proposed for use in shallow water UWA communications [2] [3] [4] [5] [6] . The main idea is to split the available frequency band into many narrow subbands, and transmit different symbols simultaneously in each subband. The carrier spacing is selected so that the carriers are orthogonal, which coincides with the spacing of Fast Fourier Transform (FFT) bins, enabling both the transmit and receive processing chains to exploit the efficiency of FFTs in their implementations. Since each of the subcarriers sees an effectively flat channel, the problem of ISI is mitigated.
Time variations of the UWA channel may be detrimental in an OFDM system since the orthogonality of the different subcarriers may be compromised. Effects of Doppler shifts can be overcome using resampling of the received signal as employed in [6] , and if the Doppler spreads are not very significant (i.e. the remaining time variations do not cause important channel variations over one OFDM symbol), this scheme can be very effective.
Channel coding schemes can also be used in OFDM systems. In this case, since the codewords are transmitted on multiple subcarriers, the resulting redundancy across frequencies provides frequency diversity.
A number of results have been published about OFDM systems for UWA communications. For example, data rates between 5.3 kbps and 12 kbps over 24 kHz bandwidth and 350 m range for very shallow water have been reported in [5] .
For fading channels, it has been found that MIMO systems offer significantly increased channel capacity, leading to much higher transmission rates [7] . Alternatively, MIMO systems can also provide spatial diversity when space-time coding schemes are employed [8] . As reported in [9] , various MIMO communication techniques (offering varying combinations of diversity gain and spatial multiplexing) have been shown to be very effective for UWA communication channels, when combined with MIMO decision feedback equalization (DFE) and digital phase locked loops (PLLs). As a specific example, a transmission rate of 48 kbps with a 4 × 4 MIMO system with turbo coding has been demonstrated using at-sea test data [9] .
More recently, some results combining MIMO techniques with OFDM have also been reported [6, 10] . These papers describe phase-coherent modulation of each subcarrier, with zero-padding as an alternative to the more typical cyclic prefix (used to preserve the orthogonality of the carriers in the presence of multipath). Probe signals and null subcarriers are typically used for timing and frequency synchronization. Rate 1 2 low-density parity-check (LDPC) coding and QPSK modulation are used with 1024 subcarriers in [10] , which reports data rates of 12.18 kbps over a bandwidth of 12 kHz for ranges of 500 m and 1500 m. In [6] , rate 2 3 convolutional coding and QPSK modulation are used with varying numbers of subcarriers (512, 1024 and 2048) to achieve a 9.7 kbps data rate over a 12 kHz bandwidth.
Our main objective in this paper is to provide a treatment of MIMO-OFDM for UWA channels, and present processing results from the AUVfest 2007 experiment. We have tested both fully coherent and differential MIMO modulation schemes, in both cases using turbo codes for channel coding. Note, however, that Doppler shifts were low, and significant time variations were not encountered in this channel, so we have not addressed their impact upon MIMO-OFDM performance.
The paper is organized as follows. Transmission schemes are presented in Section 2. Receiver structures are described in Section 3. Using these transmissions and receiver structures, Section 4 presents results of processing data from the AUVfest 2007 experiment. Conclusions are presented in Section 5.
OFDM Transmission Schemes
In our OFDM scheme, the information bits are encoded using a turbo code. The coded bits are interleaved and mapped to a phase-shift keying (PSK) constellation. The resulting complex symbols are passed through a serial-to-parallel converter and an inverse FFT, a cyclic prefix is added, and the resulting baseband waveform is bandshifted up to the carrier for transmission. For spatially multiplexed MIMO systems, the general structure is replicated at each transmit element and multiple in-dependent data streams are transmitted simultaneously in the same frequency band.
Coherent MIMO-OFDM
In coherent MIMO-OFDM, a subset of the subcarriers is reserved as pilot tones, to be used for channel estimation. Optimal placement of pilot symbols depends on the frequency characteristics of the channel. However, to reduce complexity, they are usually periodically spaced. For an m transmit element system, the pilot symbols form an m × m non-singular matrix. Note that one can allocate a larger number of consecutive subcarriers as pilots, however, m is the minimum number needed to estimate all m channel coefficients corresponding to all the transmit elements. For instance, in a two transmit element system, the pilot signals are of the form
where X . If the number of transmit elements is larger, for example, Hadamard matrices can be used.
Differential Schemes
In addition to the coherent transmission schemes described in Section 2.1, we also consider differential schemes to eliminate the need for channel estimation. With a single transmit element, the transmitted symbols are picked from a PSK constellation, i.e., {u k = e jφ k }, k ∈ {0, · · ·, N − 1}, and the information is embedded in the phase differences of the symbols transmitted using consecutive subcarriers. For a differential M-PSK scheme, the phases used are
The sequence of N symbols, {X k }, is transmitted using the N subcarriers. We emphasize that the differential encoding is done across different subcarriers (in frequency), not in time.
There are different classes of codes that can be used for differential MIMO-OFDM. In this paper, we focus on a particular differential space-time modulation scheme with implicit channel coding as described in [14] . The difference here is that the coding is done across frequency, and the scheme is a differential space-frequency code that exploits the fact that the adjacent subcarriers normally undergo similar channel fades. In [14] , group codes are used. A group G consists of a set of code matrices. Depending on the input sequence, a code matrix "G" is chosen from the group and transmitted over multiple elements (and multiple subcarriers). As an example, let us consider the group of matrices with QPSK symbols from [14] ,
For this code, since there are eight different matrices that determine what is transmitted for two subcarriers, three incoming bits are used together with what is transmitted in the previous set of subcarriers, resulting in a spectral efficiency of 1.5 bits/sec/Hz. The transmission is initialized by
where t is the consecutive number of subcarriers encoded together.
Turbo Coding with MIMO-OFDM
Turbo codes can be effective in reducing error rates in MIMO-OFDM systems. The idea is to introduce redundancy with an outer code before modulating the transmitted bits, and to exploit this redundancy at the receiver. Since the different bits comprising the codewords are transmitted over different frequency bands, the channel coding in this case adds redundancy across frequencies, and may provide additional frequency diversity. We chose to use the standard turbo coding configuration of parallel concatenated recursive convolutional codes separated by an interleaver. At the receiver, the turbo decoder is fed with soft decisions about each coded bit, which are decoded by an iterative algorithm using maximum a-posteriori (MAP) decoders of the component codes. Differences in how the soft information is generated for the coherent and differential schemes are outlined in the next section.
Receiver Structures
At the receiver of an m-way MIMO-OFDM system, if there is no Doppler spread and the channel spread is shorter than the cyclic prefix, the matched filtered output at the i th receive element for the k th subcarrier can be written as,
where X u k is the transmitted signal from the u th element at the k th subcarrier, H iu k is the channel frequency response from the u th transmit to the i th receive element. η i k are the additive Gaussian noise terms independent across receive elements and subbands.
Synchronization
Pilot symbols are commonly used to obtain synchronization information. As in the European Digital Audio Broadcast (DAB) standard, we periodically interrupt the OFDM blocks to insert chirp signals to be used for coarse synchronization. Since these signals increase overhead, we use them sparingly, inserting them only at multiple OFDM block intervals. Chirp signals are Doppler-tolerant, so they are particularly useful in channels with potentially high Doppler spreads such as UWA channels.
After this coarse pilot-based synchronization, we perform a finer-scale synchronization by auto-correlating the OFDM symbol to identify the interval formed by both copies of the cyclic prefix. That is, we take advantage of the fact that the cyclic prefix is just a copy of the tail end of the OFDM word, and is spaced at a known interval. This provides the basis for a maximum likelihood (ML) estimator of the timing offset as described in [11] ΛML(θ) = argmax
where θ is the estimate of the starting point of the OFDM frame, y n is the sample of the received signal at time n, ξ = Ex Ex+N0 ,
N0
2 is the noise variance, E x is the energy of the symbol, and N g is the length of the cyclic extension. At high SNRs, the ML estimator approximates the square difference estimator since ξ approaches 1, whereas at low SNRs the estimator approximates the correlation estimator since ξ approaches 0.
A carrier frequency offset (CFO) due to the mismatch between receiver and transmitter clocks or due to Doppler may degrade the orthogonality of the subcarriers. The ML estimate of the CFOˆ is given by [12] ,
In MIMO systems, timing and frequency offsets must be estimated for each receive element.
Coherent Receiver
In OFDM, since each subcarrier experiences a flat fading channel, the channel at each subcarrier can be represented by a complex scalar multiplicative factor, which greatly simplifies channel estimation. For example, in a 2-transmitter system, the equation for the channel factors (one for each of the two transmitters) at the first receive element is:
(4) where we have used the assumption that the k th and (k + 1)
th subcarriers see exactly the same channel fades. In matrix form, this becomeś
Then the least squares (LS) estimate of the channel coefficients becomes [13] ,
The channel estimates obtained at periodically spaced pilot tones are interpolated to provide a channel estimate at all of the subcarriers. Although this is not optimal, it has produced adequate results in our data. Finally, we note that the same approach can be used for more than two transmit elements with only minor modifications.
Once the channel is estimated for all subcarriers, we employ MAP decoding (which is the optimal approach) to detect the transmitted bits. That is, for each transmitted bit c k , we calculate
where Y denotes the received signal, and X j is the set of symbols simultaneously transmitted from multiple elements (formed by multiple bits). Using Bayes' rule, assuming that the transmitted symbols are equally likely and the noise variances are identical at different receivers (denoted by
N0
2 ), we can write
which can further be approximated as
For an uncoded system, these LLR values are passed to a detection device. For the turbo coded case, they are input to the iterative turbo decoder.
Finally, we note that zero forcing or MMSE detection algorithms can be used instead of the MAP detector described above to simplify the implementation [13] .
Differential Receiver
We now describe the differential detectors used for singletransmitter and MIMO transmission schemes. The main difference in these schemes is that they do not need the channel estimates, and exploit the fact that adjacent frequencies undergo almost identical fades. Using a single transmit element, at the receiver, the information symbols are estimated usingû k = y k .y * k−1 , where * denotes the complex conjugation operation.
For the differential MIMO-OFDM case, assuming that there is no time variation, and the cyclic prefix used is larger than the delay spread of the channel, the matched filtered outputs at the receiver can be written as
where Y k is a matrix of n × t complex values that correspond to the received signal across all n receivers for the transmitted matrix X k . The matrix H is given by
where H ij k is the channel coefficient of the channel from j th transmitter to the i th receiver for the k th subcarrier. η k is the noise matrix of size n × t containing zero mean unit variance complex Gaussian independent and identically distributed (i.i.d.) random variables. The ML rule for deciding on the transmitted matrix "G k " is given by [14] 
assuming Rayleigh fading, where ReTr(.) denotes the real part of the trace of a matrix. Therefore, an estimate of the information sequence can easily be found from the one-to-one mapping between G k and the information bits. Since the UWA channel is not necessarily a Rayleigh fading channel, this may only be a sub-optimal approach for our case. As in the coherent decoding, we can derive soft LLR values for the transmitted bits to be used for turbo decoding in a straightforward manner. To see this, let
Then, for a transmitted matrix "G", the log likelihood ratio of the first bit is computed as
where the sequence of P bits {c 1 , · · · , c P } uniquely choose a code matrix G. The computation of the LLRs for all the bits can be performed in a similar manner.
Experimental Results
In The uncoded data rates are shown in Table 1 . The reported rates span a wide range up to 85 kbps obtained with the two transmit elements and 8-PSK modulation.
For the coherent MIMO-OFDM, these rates need to be multiplied by 3 4 to account for the pilot symbols. With turbo coding the results should also be multiplied by the code rate to find the actual transmission rate. Tables 2 and 3 show the decoding results for coherent MIMO-OFDM transmission for different ranges. The Tables 5 and 6 show the results of differential MIMO-OFDM transmission with two transmit elements. For the QPSK case, the group code was described earlier, and for the 8-PSK case the group code with 16 elements developed in [14] is employed. The results are obtained by averaging over two transmissions in the QPSK cases and three transmissions in the 8-PSK cases.
To summarize, it is observed that QPSK performs better than 8-PSK due to the larger separation between the constellation points. This gain in performance with QPSK comes at a tradeoff with the data rate. Also, higher error rates are seen when the transmitter-receiver distance is 500 m. This is due to the larger multipath delay spread of the channel at 500 m. The other visible trend here is that the error rate decreases with the number of subcarriers "N ". This is due to the fact that increasing the number of sub-carriers in a given bandwidth reduces the sub-carrier spacing. Hence, for coherent detection, the channel estimates improve with large N (assuming the same pilot overhead). Similarly for differential detection, the assumption of highly correlated fades across adjacent sub-carriers become more accurate, leading to performance improvement. The disadvantage with having a large N , however, is the increased sensitivity to Doppler shifts and Doppler spreads.
Conclusions
In this paper, we have described OFDM systems using both single and multiple transmitters in shallow water UWA channels, using both coherent and differential detection. We have presented results of testing our systems during a recent experiment (AUVfest 2007). These results demonstrate that high data rates with low error probabilities can be consistently achieved at a variety of ranges using OFDM and turbo codes.
